In Saccharomyces cerevisiae, many osmotically inducible genes are regulated by the Sko1p-Ssn6p-Tup1p complex. Upon osmotic shock, the MAP kinase Hog1p associates with this complex, phosphorylates Sko1p, and converts it into an activator that subsequently recruits Swi/Snf and SAGA complexes. We have found that phospholipase C (Plc1p encoded by PLC1)
Introduction
In yeast cells, phospholipase C (Plc1p encoded by PLC1) and three inositol polyphosphate kinases (Ipk2p/Arg82p, Ipk1p, and Kcs1p) constitute a pathway responsible for synthesis of several inositol polyphosphates (InsPs). InsPs affect transcriptional control (Odom et al., 2000) , export of mRNA from the nucleus (York et al., 1999) , homologous DNA recombination (Luo et al., 2002) , cell death, and telomere length (Saiardi et al., 2005; York et al., 2005) . Although Plc1p is required for the initial step of InsPs synthesis, it is not required for cell viability, but plc1∆ cells display a number of phenotypes, including slow growth, temperature sensitivity, osmosensitivity, defective utilization of carbon sources other than glucose, altered cell morphology, inability to complete cytokinesis, sporulation defect and sensitivity to nitrogen starvation (Flick, 1993; Yoko-o, 1993) .
Recently, InsPs have been shown to regulate activity of chromatin remodeling complexes in vivo and in vitro (Steger et al., 2003; Shen et al., 2003) . Induction of the phosphate-responsive PHO5 gene, chromatin remodeling of its promoter, as well as recruitment of Swi/Snf and Ino80 chromatin remodeling complexes are impaired in the ipk2/arg82 mutant strain (Steger et al., 2003) . In vitro, nucleosome mobilization by the yeast Swi/Snf complex is stimulated by IP 4 and IP 5 , while IP 6 inhibits nucleosome mobilization by yeast Isw2 and Ino80 complexes and by the Drosophila NURF complex (Shen et al., 2003) . Since recombinant Nurf and Isw1 proteins can bind IP 6 , the possible mechanism by which InsPs affect chromatin remodeling may involve effects on protein conformation of the chromatin remodeling complexes (Shen et al., 2003) .
Alternatively, IP 4 or IP 5 might affect the interaction between chromatin remodeling complexes and chromatin, as has been shown for PIP 2 and the Swi/Snf complex (Zhao et al., 1998) .
To learn more about the role of Plc1p and InsPs in transcriptional regulation, we analyzed regulation of expression of osmoinducible genes. We have shown previously that plc1∆ cells are defective in induction of the osmoinducible GPD1 gene (Lin et al., 2002) , which is at least partly responsible for the osmosensitivity of plc1∆ cells (Flick and Thorner, 1993) . The yeast responds to osmotic shock through an evolutionarily conserved MAP kinase pathway, the high osmolarity glycerol (HOG) pathway (Brewster et al., 1993) of which PBS2, a MAPKK, and HOG1, a MAPK, are the two most important regulators (Hohmann, 2002) . Genome wide analysis has shown that a large number of genes are regulated by osmotic stress in a HOG1-dependent manner (Posas et al., 2000) . Upon osmotic stress, Hog1p is phosphorylated by its upstream MAPKK, Pbs2p, which facilitates translocation of Hog1p to the nucleus (Reiser et al., 1999) . In the nucleus, Hog1p controls activity of different transcription factors and facilitates assembly of the preinitiation complex (PIC) (Alepuz et al., 2001 (Alepuz et al., , 2003 . Sko1p is a bZIP transcriptional repressor that represses transcription of about 40 genes by recruiting the Ssn6p-Tup1p corepressor complex (Nehlin et al., 1992; Vincent and Struhl, 1992; Rep et al., 2001; Proft et al., 2005) . Sko1p is phosphorylated within its N terminal domain by Hog1p and this phosphorylation event converts Sko1p from a repressor to an activator. The phosphorylated Sko1p then facilitates recruitment of Hog1p along with the SAGA histone acetylase complex and the Swi/Snf chromatin remodeling complex (Proft et al., 2001; Proft and Struhl, 2002) . The recruitment of the SAGA and Swi/Snf complexes is dependent on the presence of the Ssn6p-Tup1p complex, which remains bound to the promoter even under derepressing conditions (Proft and Struhl, 2002) . Though the precise mechanism by which these two chromatin modifying complexes are recruited to Sko1p-Ssn6p-Tup1p-repressed promoters has not been studied in detail, the SAGA and Swi/Snf coactivators have been shown to be important for overcoming repression mediated by this complex (Proft and Struhl, 2002; Papamichos-Chronakis et al., 2002) .
The role of Plc1p in the process of cellular response to osmotic stress has not been studied in detail. We have shown previously that Plc1p is required for expression of the osmoinducible GPD1 gene, intracellular accumulation of glycerol, and for wild-type levels of osmoresistance. Our results also indicated that hog1∆plc1∆ cells are more osmosensitive, synthesize less glycerol, and express lower levels of a GPD1-lacZ fusion than strains with either single deletion, suggesting that Plc1p and Hog1p contribute separate functions to the process of adaptation to increased extracellular osmolarity (Lin et al., 2002) .
In this study, we elucidate the molecular mechanism by which Plc1p and InsPs affect transcription of the Hog1p-regulated genes that are repressed by the Sko1p-Ssn6p-Tup1p complex. We show that Plc1p and InsPs do not affect recruitment of Hog1p or the Swi/Snf complex but are required for efficient recruitment of the SAGA complex to the osmoinducible promoters, which in turn affects the recruitment of TATA-binding protein (TBP) and formation of the PIC.
Materials and Methods

Strains and media
All yeast strains are listed in Table 1 . All the strains used in this study are isogenic to W303. Standard genetic techniques were used to manipulate yeast strains and to introduce mutations from non-W303 strains into the W303 background (Sherman, 1991) . Cells were grown in rich medium (YPD; 1% yeast extract, 2% Bacto-peptone, 2% glucose) or under selection in synthetic complete medium (SC) containing 2% glucose and, when appropriate, lacking specific nutrients in order to select for a plasmid or strain with a particular genotype. Meiosis was induced in diploid cells by incubation in 1% potassium acetate.
S1 nuclease analysis
Oligonucleotides complementary to the genes assayed by S1 nuclease analysis are as follows: ACT1, 5'-GCTTCAGTCAAAAGAACAGGGTGTTCTTCTGGGGCAACTCTCAA TTCGTTGTAGAAGGATACTA-3'; AHP1, 5'-CCTGGAATATGGCTGACAGTACAGGT TGGGGAGAAAGCAGCTGGAGCACCGGTAATGTATTGG-3'; GRE2, 5'-GGTCAAA TGCGTCCAGCTTAGATATGTCTGGGACAACTTCCATGGAGAATTTTGGGTTGTTA CCTTTCCG-3'; LACZ, 5'-CCGGCACCGCTTCTGGTGCCGGAAACCAGGCAAAGCG CCATTCGCCATTCAGGCTGCCGTTGA-3'. Total RNA was isolated from cultures grown in YPD medium to optical density A 600nm =1.0 by the hot phenol method as described previously (Iyer and Struhl, 1996) . S1 probes were end labeled in a 25 μl reaction mixture ( μg of total RNA in a 50 μl reaction mixture (0.3 M NaCl, 1 mM EDTA, 40 mM HEPES pH 7.0, and 0.1% Triton X-100) for 12 h at 55 o C and treated with S1 nuclease (Life Sciences) as described previously (Iyer and Struhl, 1996) . The samples were analyzed on 20% denaturing polyacrylamide gels and quantification was performed using PhosphorImager (PerkinElmer).
Chromatin immunoprecipitation and quantitative real-time PCR analysis
In vivo chromatin crosslinking and immunoprecipitation were performed essentially as described (Geng et al., 2001) with several minor modifications. Briefly, yeast cells were grown in 600 ml YPD to an A 600nm =1.0, at which point they were fixed for 15 min by the addition of formaldehyde to a concentration of 1%. Subsequently, the cells were converted to spheroplasts with zymolyase. Spheroplasts were washed in 40 ml of ice-cold TBS (25 mM Tris-HCl at pH 7.4, 137 mM NaCl) and subsequently with 1 ml of FA lysis buffer (50 mM HEPES at pH 7.5, 150
mM NaCl, 1 mM EDTA, 0.1% DOC, 0.1% SDS, 1 mM PMSF (phenylmethylsulfonyl fluoride)) containing protease inhibitors (Roche; Complete protease inhibitors) for each 50 ml aliquot of the original culture. Finally, the spheroplasts were resuspended in 200 µl of FA lysis buffer, 300
µl of glass beads were added, and then the samples were vortexed 20 times in 15 s bursts at the highest setting. The samples were pooled, and the suspension was then sonicated 10 times for 10 s each to fragment chromosomal DNA to an average size ~ 500 bp. The suspension was centrifuged 30 min at 12,000 x g and the supernatant was diluted with FA buffer to provide 1 ml aliquots of the resultant solubilized chromatin solution per immunoprecipitation and 100 µl for total input DNA. Each aliquot was precleared by adding 50 µl of 50% protein A/G-agarose slurry (Santa Cruz Biotechnology) and incubating 1 h at 4˚C with gentle rocking. Beads were then harvested by centrifugation and the supernatant was incubated with 100 µl of 25% protein A/G slurry, which had been previously incubated for 8 h with 6 µg of antibody (anti-myc polyclonal antibody A-14 or anti-HA monoclonal antibody F7 from Santa Cruz Biotechnology, anti-acetyl-Histone H3 (Lys14) from Upstate Biotechnology or anti-RNA polymerase II monoclonal antibody 8WG16 from Covance). Beads were then harvested, washed, and the DNA released and extracted as described (Geng et al., 2001) . Total input DNA and coimmunoprecipitated DNA was then analyzed by real-time PCR (25 µl reaction mixture) using the iQ SYBR Green Supermix and the BioRad MyIQ Single Color Real-Time PCR Detection System (Bio-Rad). Each PCR reaction mixture was used to detect the presence of a protein at a particular locus. The MyIQ software generates a threshold count for each reaction mixture, which can be used to determine the enrichment of a protein at a given locus. Each immunoprecipitation was performed at least three times using different chromatin samples and the occupancy was calculated using the POL1 coding sequence as a negative control and The mixture was incubated for 15 min at 4˚C with gentle rocking. The beads were harvested, washed with 1 ml of the binding buffer and resuspended in a total volume of 100 µl water.
Radioactivity was measured by scintillation counting and the total binding was expressed relative to the untagged strain.
Results
Plc1p is required for overcoming repression mediated by URS CRE-ENA1 and URS MIG-ENA1 promoter elements
The ENA1 gene is highly expressed in response to osmotic stress and glucose starvation.
The promoter contains two distinct elements that regulate transcription in response to these different environmental stimuli. The cyclic AMP (cAMP) response element (CRE) -like sequence (URS CRE-ENA1 ) that is bound by the transcriptional repressor Sko1p regulates the osmotic shock dependent transcription, while a Mig1/2p binding site (URS MIG-ENA1 ) is responsible for the glucose mediated repression (Proft and Serrano, 1999) .
We utilized the pMP222 and pMP224 reporter plasmids (Proft and Serrano, 1999) (Proft and Serrano, 1999) . The expression was examined under repressing conditions (YPD medium) and after derepression (0.8 M NaCl for pMP224 and 0.05% glucose for pMP222). Both pMP224 and pMP222 yielded a strong increase in the β-galactosidase levels after osmotic shock and glucose derepression, respectively, in the wild-type strain ( Figure 1 ). This increase in the β-galactosidase activity was completely lost in the plc1∆ mutant, suggesting that Plc1p plays a key role in the regulation of both of these promoter elements. On the other hand, lacZ expression under repressing conditions was not significantly different in wild-type and plc1∆ cells, indicating that the repressor function of Sko1p-Ssn6p-Tup1p and Mig1p-Ssn6p-Tup1p does not require Plc1p
and InsPs. As has been previously shown, disruption of the Ssn6-Tup1p corepressor complex results in a complete loss of regulation, as ssn6∆ and tup1∆ mutants are defective in repression mediated by both URS CRE-ENA1 and URS MIG-ENA1 elements and express high levels of β-galactosidase under repressing and derepressing conditions (Proft and Serrano, 1999) . The regulation of both URS CRE-ENA1 and URS MIG-ENA1 is dependent on functional SAGA, as the stress mediated induction of lacZ is abolished in spt20∆ and spt3∆ strains, components that play a key role in SAGA function ( Figure 1 ). The regulation is, however, not significantly affected in the gcn5∆ strain, the histone acetylase component of the SAGA complex, suggesting that Gcn5p plays a more dispensable role in the control of both elements of the ENA1 gene. The fact that plc1∆ cells are defective in overcoming repression mediated by both the URS CRE-ENA1 and URS MIG-ENA1 regulatory elements indicates that Plc1p affects a common target involved in transcriptional derepression rather than influencing different components specific for response to osmotic shock or glucose starvation.
Plc1p is required for derepression of Sko1p-regulated genes GRE2 and AHP1
plc1∆ cells are osmosensitive and defective in overcoming repression mediated by the URS CRE-ENA1 element in plasmid pMP224 ( Figure 1 ). Since regulation of promoters fused to lacZ in a plasmid can differ significantly from regulation of promoters in their natural chromosomal locations, it was important to determine whether the expression of osmotically inducible chromosomally-encoded genes that are repressed by the Sko1p-Ssn6p-Tup1p complex is affected in plc1∆ cells. Wild-type and plc1∆ cells were subjected to moderate osmotic stress (0.4 M NaCl) and expression of GRE2 and AHP1, two prototypic osmotically inducible and Sko1p-Ssn6p-Tup1p-repressed genes (Proft and Struhl, 2002) , was determined at different time points. Both GRE2 and AHP1 were significantly induced by osmotic stress ( Figure 2 ). As expected, expression of both these genes was significantly reduced in the plc1∆ strain after osmotic shock.
The expression was also dependent on SAGA, as deletion of SPT20, the gene encoding the subunit that is required for structural integrity of the SAGA complex, results in reduced activation of expression, while deletion of SWI2 had a lesser effect. Thus, the results suggest that Hog1p dependent gene expression at Sko1p-regulated promoters depends on Plc1p, and to a greater extent also on SAGA.
Recruitment of Hog1p and the Swi/Snf complex is not affected in plc1∆ cells
To better understand the mechanism by which Plc1p regulates the transcription of Sko1-Ssn6-Tup1p regulated promoters GRE2 and AHP1, we determined recruitment of transcriptional regulatory proteins to these promoters. We hypothesized that the reduced expression of the Hog1p dependent genes in plc1∆ cells may be due to a defect in osmotically induced recruitment of Hog1p to the target promoters. Hog1p is phosphorylated by its upstream MAPKK, Pbs2p, after which Hog1p interacts with and phosphorylates Sko1p in the nucleus (Proft et al., 2001) , thereby promoting the assembly of the PIC (Alepuz et al., 2001; Proft and Struhl, 2002) . In addition, the recruitment of the RNA polymerase II (RNA Pol II) holoenzyme has been shown previously to depend on active Hog1p at the Hot1p dependent promoter of STL1 (Alepuz et al., 2003) . To examine the possibility that the defect in expression of GRE2 and AHP1 in the plc1∆ strain is due to compromised recruitment of Hog1p, we performed ChIP assay with HA-tagged Hog1p. We found that upon osmotic stress the recruitment of Hog1p to the osmoinducible promoters is not affected in plc1∆ cells ( Figure 3A) . The results thus suggest that Plc1p does not interfere with Hog1p's role in mediating the response to the osmotic stress and functions downstream of Hog1p in the regulation of the osmoinducible genes. The recruitment of Hog1p after osmotic shock is also dependent on Sko1p, as deletion of the latter abolishes the binding of Hog1p to the promoters of GRE2 and AHP1 (Proft and Struhl, 2002) . The fact that Plc1p does not influence the binding of Hog1p after osmotic shock indicates that recruitment of Sko1p is also not affected in plc1∆ cells. This conclusion is also strongly supported by the fact that expression from the Hog1p-independent Mig1p-Ssn6p-Tup1p-regulated promoter element, URS MIG-ENA1 , is also defective in plc1∆ cells ( Figure 1B ).
The Swi/Snf chromatin remodeling complex is recruited to osmoinducible promoters in a Sko1p-Ssn6p-Tup1p dependent manner (Proft and Struhl, 2002) . To test whether the recruitment of this complex at these promoters is dependent on Plc1p, we performed ChIP using myc-tagged Swi2p. We found that plc1∆ cells show no defect in the osmotic shock dependent recruitment of Swi2p at these promoters ( Figure 3B ). The results thus suggest that the recruitment of Swi/Snf at the osmoinducible promoters takes place independently of Plc1p and InsPs.
Plc1p is required for osmotic shock-dependent recruitment of the SAGA complex
Regulation of expression from the URS CRE-ENA1 -CYC1-lacZ construct (plasmid pMP224)
shows that, in addition to Plc1p, stress induced expression also requires the SAGA complex ( Figure 1A ). To address whether recruitment of SAGA is affected in plc1∆ cells, we performed
ChIP assay using a myc-tagged version of Ada2p, one of the three Ada proteins of the SAGA complex. In wild-type cells, Ada2p is recruited in response to osmotic induction to both GRE2
and AHP1 promoters ( Figure 4A ). However, this recruitment is reduced to about 30% in plc1∆ cells. To see if Plc1p also affects other SAGA subunits, we determined recruitment of Gcn5p and Spt20p. Similarly to Ada2p, plc1∆ cells display a defect in recruitment of these subunits to GRE2 and AHP1 promoters in response to osmotic shock ( Figure 4B and C). Since the association of Spt20p, the subunit which maintains the structural integrity of the complex, is affected in the same way as recruitment of the other subunits, it appears that Plc1p affects the recruitment of SAGA as a whole complex and does not differentially affect individual subunits.
The decreased recruitment of SAGA in plc1∆ cells is not due to the lower protein level of SAGA subunits, as indicated by Western blot analysis of Ada2p and Spt20p (Fig. 4D ). There is a high basal level of SAGA occupancy at the AHP1 promoter in both wild-type and plc1∆ cells, which corresponds to high transcription of AHP1 even in the absence of osmotic stress (Figure 2 ). This could be due to other ATF/CREB activators such as Aca1p and Aca2p that regulate transcription independently of salt stress (Garcia-Gimeno and Struhl, 2000) .
Because plc1∆ cells are completely devoid of all InsPs (Odom et al., 2000; York et al., 1999) , we wanted to identify the specific inositol polyphosphate that is required for the recruitment of the SAGA complex. ChIP experiments in ipk2∆ and ipk1∆ cells expressing Ada2p-myc showed that, similar to plc1∆ cells, ipk2∆ strain fails to recruit Ada2p to GRE2
promoter after osmotic shock. However, Ada2p occupancy at the GRE2 promoter in ipk1∆ cells was almost at the wild-type level (Fig. 4E ). Since Ipk2p converts IP 3 into IP 4 and IP 5 that is subsequently converted into IP 6 by Ipk1p, it appears that SAGA recruitment requires IP 4 and/or IP 5 .
Since AHP1 and GRE2 were expressed from their genomic loci, it was possible that the reduced occupancy of the SAGA complex at these promoters in plc1∆ cells was not due to a decreased recruitment of SAGA to the Sko1p-Ssn6p-Tup1p complex but due to decreased occupancy of some transcriptional activator that is involved in recruitment of SAGA to the corresponding promoters. To exclude this possibility, we determined the recruitment of Ada2-myc to the pMP224 plasmid bearing minimal Sko1p binding site and no other promoter elements (Proft and Serano, 1999) . The results show that similarly to AHP1 and GRE2 expressed from their genomic loci, the enhanced recruitment of Ada2p-myc to the Sko1p binding site in response to osmotic shock is severely compromised in the plc1∆ strain ( Figure 5A ), thus confirming that Plc1p is required for the osmotic shock-dependent recruitment of SAGA and for overcoming repression mediated by the Sko1p-Ssn6p-Tup1p complex. Unlike swi2∆ cells, plc1∆ and spt20∆ cells are also defective in expression of lacZ from the pMP224 plasmid ( Figure 5B ), further suggesting that in the process of overcoming repression imposed by the Sko1p-Ssn6p-Tup1p complex, Plc1p and InsPs are required for the recruitment of SAGA, while recruitment of the Swi/Snf complex is relatively independent of Plc1p and InsPs ( Figure 3B ) and appears to be less important for derepression of transcription (Figure 2 ).
The recruitment of SAGA upon osmotic shock depends on Hog1p and Sko1p (Proft and Struhl, 2002 
SAGA is required for TBP recruitment at the GRE2 and AHP1 promoters
To determine whether the difference between the wild-type and plc1∆ cells in SAGA occupancy at the GRE2 and AHP1 promoters is reflected in the level of histone H3 acetylation, we performed ChIP assay with antibodies against histone H3 acetylated at K14. Interestingly, increased recruitment of Gcn5p at the osmoinducible promoters in wild-type cells ( Figure 4B) does not correlate with increased histone H3 acetylation ( Figure 7A ). In both wild-type and plc1∆ cells, the osmotic shock results in a somewhat reduced level of histone H3 acetylation.
This could be attributed to the activity of the histone deacetylase complex Rpd3p-Sin3p, which is also recruited in a Hog1p-dependent manner to activate expression of osmotically inducible genes. The expression of these genes was shown to depend on the extent of histone deacetylation (de Nadal et al., 2004) . Our results thus suggest that SAGA regulates the expression of Sko1p-Ssn6p-Tup1p-repressed genes by a mechanism that is distinct from altering the pattern of histone H3 acetylation.
The fact that the level of histone H3 acetylation does not correlate with SAGA occupancy at the GRE2 and AHP1 promoters suggests that in addition to the histone acetyltransferase activity of Gcn5p, SAGA provides additional function at the osmotically inducible promoters.
The Spt3p subunit of SAGA has been previously reported to play a role in the recruitment of TBP at different SAGA dependent promoters (Bhaumik and Green, 2002) . To test the possibility that Spt3p is required for recruitment of TBP at the Sko1p-Ssn6p-Tup1p-repressed promoters, we analyzed the recruitment of TBP in wild-type, plc1∆, and spt3∆ strains before and after osmotic shock. Osmotic shock increases TBP occupancy at GRE2 and AHP1 promoters in wildtype cells 4-6 times ( Figure 7B ). However, in agreement with reduced transcription, plc1∆ cells display a significant reduction in the recruitment of TBP after salt induction. The recruitment of TBP is completely abolished in spt3∆ cells at GRE2 and AHP1 promoters, thus indicating that the Spt3p component of SAGA is indispensable for the osmotic shock-induced recruitment of TBP. The enhanced TBP recruitment at the AHP1 promoter in the absence of stress in wild-type and plc1∆ cells is also diminished in spt3∆ cells, suggesting that SAGA is involved in TBP recruitment for transcription under normal conditions. The binding of RNA Pol II at GRE2 and AHP1 promoters was also severely affected in plc1∆ cells after salt shock ( Figure 7C) . Our results thus demonstrate that under conditions of osmotic shock, Plc1p facilitates recruitment of the SAGA coactivator, which in turn stimulates PIC assembly by facilitating Spt3p-dependent TBP recruitment.
SAGA mutants are osmosensitive
Our results show that the osmotic shock-induced expression of GRE2 and AHP1 is SAGA dependent. We assessed the osmosensitivity of different SAGA mutants by spotting spt20∆, spt7∆, spt8∆, spt3∆, and gcn5∆ strains on YPD medium containing 0.4 M or 0.8 M NaCl. Spt7p along with Spt20p are required to maintain the structural integrity and function of the SAGA complex (Grant et al., 1997) , while Spt3p is a transcriptional regulator essential for recruitment of TBP at SAGA-dependent promoters (Eisenmann et al., 1992; Bhaumik and Green, 2002) .
Spt8p, previously shown to interact with Spt3p and TBP (Eisenmann et al., 1994) , is also required for TBP recruitment at some SAGA-dependent promoters (Bhaumik and Green, 2002) .
Among the different SAGA mutants, spt20∆ and spt3∆ are the most sensitive to high salt concentration, followed by spt7∆ and spt8∆ (Figure 8 ). However, deletion of GCN5, which encodes the subunit of SAGA with histone acetyltransferase activity, did not result in increased osmosensitivity, suggesting that only the subunits of SAGA that are involved in TBP recruitment are important for proper transcriptional response to osmotic shock.
The osmosensitivity of plc1∆ and ipk2∆ strains correlates well with the defect in Ada2p recruitment, while ipk1∆ cells are not osmosensitive and display almost wild-type level of Ada2p recruitment to the GRE2 promoter ( Figure 4E ). The greater level of osmosensitivity of plc1∆ and ipk2∆ strains compared with spt20∆ and spt3∆ strains is likely due to the role of InsPs in expression of Sko1p-Ssn6p-Tup1p-and SAGA-independent genes that are involved in osmoresistance (Lin et al., 2002) .
Discussion
Chromatin structure can be altered either by ATP-dependent chromatin remodeling complexes such as Swi/Snf or by covalent modification of histone proteins by complexes such as SAGA. The role of InsPs in the regulation of recruitment and activity of ATP-dependent chromatin remodeling complexes is well established (Steger et al., 2003; Shen et al., 2003) . Here we present data that suggest that Plc1p and InsPs are also required for the recruitment of the SAGA complex to promoters regulated by the Sko1p-Ssn6p-Tup1p complex ( Figure 9 ). GRE2
and AHP1 are regulated by Sko1p, which recruits the Ssn6p-Tup1p corepressor complex. Sko1p is activated by the Hog1p MAP kinase by direct phosphorylation that converts Sko1p into an activator that recruits SAGA and Swi/Snf in an Ssn6p-Tup1p-dependent manner (Proft and Struhl, 2002) . Since InsPs were shown to be important for recruitment of chromatin remodeling complexes (Steger et al., 2003) , we expected that plc1∆ cells that are completely devoid of InsPs (York et al., 1999; Odom et al., 2000) would fail to recruit the Swi/Snf complex to Sko1p-Ssn6p-Tup1p-repressed promoters. However, plc1∆ cells do not display any defect in osmotically induced recruitment of Swi2p to GRE2 and AHP1 promoters ( Figure 3B ), while recruitment of SAGA is severely compromised (Figures 4 and 9 ).
Since Plc1p is required for the recruitment of Spt20p, the subunit essential for SAGA integrity and function, we conclude that plc1∆ cells fail to recruit the entire SAGA complex to Sko1p-Ssn6p-Tup1p-repressed promoters that results in failure to overcome repression imposed by the Sko1p-Ssn6p-Tup1p complex. This conclusion is further supported by the fact that plc1∆ cells are not able to recruit SAGA to a minimal Sko1p binding site that regulates expression of a plasmid-encoded CYC1-lacZ reporter. Decreased SAGA occupancy then leads to compromised transcription ( Figure 5B ). The role of SAGA in derepression of Sko1p-Ssn6p-Tup1p-repressed promoters does not seem to depend on Gcn5p and increased histone H3 acetylation ( Figure 7A ).
Rather, SAGA facilitates recruitment of TBP in a Spt3p-dependent manner ( Figures 7B and 9 ).
The less important role of Gcn5p in the process of osmotic derepression of Sko1-Ssn6-Tup1p-regulated promoters is also suggested by the fact that, in wild-type cells, the osmotically induced recruitment of SAGA is not accompanied by increased histone H3 acetylation ( Figure 7 ). This result is in agreement with a finding that the expression of GRE2 is severely impaired in cells lacking the Rpd3-Sin3p histone deacetylase complex that is recruited in a Hog1p-dependent manner to osmotically inducible promoters (de Nadal et al., 2004) . Our results are thus in agreement with the model in which decrease in histone acetylation of these promoters is associated with increased transcription. This conclusion is indirectly supported by the fact that unlike spt20∆, spt3∆, and spt7∆ cells, gcn5∆ cells are not osmosensitive (Figure 8 ).
Spt3p functions by facilitating recruitment of TBP in a manner largely independent of Gcn5p (Lee et al., 2000) . Genome-wide computational approaches classified yeast promoters as TATA box-containing (20%) or TATA-less (80%) (Basehoar et al., 2004) . In comparison to TATA-less genes, TATA box-containing genes are highly regulated, often involved in stress response, and utilize SAGA rather than TFIID. Spt3p-dependent genes belong to the group of TATA box-containing genes. Both GRE2 and AHP1 were classified as TATA box-containing and SAGA-regulated (Basehoar et al., 2004) . The defect in TBP recruitment to GRE2 and AHP1 promoters in the spt3∆ mutant ( Figure 7B ) is in agreement with this classification.
The recruitment of both SAGA and Swi/Snf complexes in response to osmotic stress is dependent on the Ssn6p-Tup1p corepressor complex, which has been demonstrated to co-occupy the activated GRE2 promoter along with these complexes (Proft and Struhl, 2002) . The fact that the recruitment of Swi/Snf is not affected in plc1∆ cells rules out the possibility that plc1∆ cells are defective in binding of Ssn6p-Tup1p. In addition, since recruitment of Hog1p requires Sko1p (Proft and Struhl, 2002 ) and we did not observe any noticeable differences in Hog1p occupancy in wild-type and plc1∆ cells ( Figure 3A) , we conclude that Sko1p binding is not affected in plc1∆ cells.
Our results do not rule out a possibility that Plc1p-dependent recruitment of SAGA is mediated by other transcriptional factor(s) that interact(s) with SAGA. Cti6p (Cyc8-Tup1 interacting protein 6) has been shown to specifically interact with the Ssn6p subunit of the Ssn6p-Tup1p corepressor (Papamichos-Chronakis et al., 2002) . The protein contains a PHD finger which is common to a number of chromatin regulatory proteins. The PHD finger of ING2, a candidate tumor suppressor protein in mammals was demonstrated to be a nuclear PtdInsPs receptor (Gozani et al., 2003) . Though a specific function of the PHD motif is yet to be found in yeast, Cti6p has been demonstrated to be involved in recruitment of SAGA at the GAL1 promoter under inducing conditions (Papamichos-Chronakis et al., 2002) . At the GAL1 promoter, Cti6p links the SAGA coactivator with the Ssn6p-Tup1p corepressor, thus facilitating its transcription in the presence of galactose (inducing condition). Cti6p is also required for overcoming Tup1p repression at the ARN1 promoter (Crisp et al., 2006) and was found to associate with the Rpd3p-Sin3p histone deacetylase complex (Puig et al., 2004) .
To test the possibility that Cti6p is recruited to the GRE2 and AHP1 promoters upon osmotic stress and facilitates recruitment of SAGA to the Ssn6p-Tup1p complex to overcome the repression, we determined Cti6p occupancy at both promoters. In both wild-type and plc1∆ cells, we failed to detect any Cti6p recruitment to GRE2 and AHP1 promoters before or after osmotic induction (data not shown). However, recruitment of SAGA to GRE2 and AHP1 was not affected in cti6∆ cells. Also, in contrast to different SAGA mutants (Figure 8 Figure 6C ).
Detailed analysis of InsPs binding to the components of the SAGA complex and the role of InsPs in recruitment of SAGA will require additional work. An important conclusion of this work is that osmotic shock dependent recruitment of SAGA to Sko1p-Ssn6p-Tup1p-repressed promoters is dependent on the presence of Plc1p and InsPs. Though InsPs have been shown to play a role in recruitment of ATP dependent chromatin remodeling complexes (Steger et al., 2003) , our results show that they also affect recruitment of other coactivator complexes, such as SAGA.
for communicating results prior to publication, and members of Vancura lab and Dr. Vancurova for helpful comments. and derepressing conditions (0.05% glucose) in cells transformed with the pMP222 plasmid (URS MIG-ENA1 -CYC1-lacZ). The assays were carried out as previously described (Choi et. al, 1998) and the values were calculated from three independent experiments and represent means ± SD. InsP 5 are required for SAGA recruitment upon salt shock. ChIP experiments were performed using chromatin from PLC1, plc1∆, ipk2∆ and ipk1∆ cells expressing Ada2p-myc18 (strains K8135, NG040, NG095, and NG097, respectively). Each immunoprecipitation was performed at least three times using different chromatin samples and the occupancy was calculated using the POL1 coding sequence as a negative control. The data are presented as fold occupancy over the POL1 coding sequence control and represent means ± SD. Each immunoprecipitation was performed at least three times using different chromatin samples and the occupancy was calculated using the POL1 coding sequence as a negative control. The data are presented as fold occupancy over the POL1 coding sequence control and represent means ± SD. (B) Ada2p-myc was immunoprecipitated from cells expressing Ada2p-myc18
(strain K8135) using anti-myc antibody. Untagged strain (ADA2) was used as a negative control.
Immunoprecipitates were analyzed by Western blotting. The values were calculated from three independent experiments and represent means ± SD. regulated promoters. Before osmotic shock, the promoters of GRE2 and AHP1 are repressed by the Sko1p-Tup1-Ssn6p repressor complex that is bound to the upstream CRE site (Proft and Struhl, 2002) and Hog1p is located mainly in the cytoplasm (Reiser et al.,1999) . After osmotic shock, the phosphorylated Hog1p is translocated to the nucleus and converts the Sko1p-Tup1-Ssn6p repressor complex into an activator by phosphorylating Sko1p (Proft et al., 2001 ). The activated repressor complex then recruits Swi/Snf and SAGA complexes (Proft and Struhl, 2002) .
The Plc1p-dependent recruitment of SAGA is required for TBP binding and PIC formation. 
